Several atmospheric residues (AR) of Kuwaiti crude, in the absence, or in the presence, of light cycle oil (LCO) as an aromatic additive, were hydrotreated in an experimental plant. Asphaltenes (precipitated from Kuwaiti AR, a hydrotreated AR, and a hydrotreated blend of AR and LCO) were characterised by chemical structure and changes during residue hydrotreatment. The average structural parameters of these asphaltenes, obtained from a combined method of element analysis, average molecular weight, X-ray diffraction, and NMR, demonstrate that, after hydrotreatment, the aromatic cores of the asphaltenes become more compact and smaller whereas the peripheral alkyl branches are decreased in number and shortened. The influence of LCO on residue hydrotreating is also studied in terms of structural changes in the asphaltenes. The findings imply that LCO added to AR during hydrotreating improves the degree of aromatic substitution, the total hydrogen/carbon atomic ratio per average molecule, the distance between aromatic sheets and aliphatic chains, and so forth, by modifying the colloidal nature and microstructure of asphaltene: this is beneficial for the further hydroprocessing of AR. Three hypothetical average molecules are proposed to represent the changes undergone by such asphaltenes during hydrotreatment as well as the effects of additive LCO.
Introduction
Asphaltenes are the most complex molecules in petroleum and consist of highly condensed polyaromatic units bearing long aliphatic and alicyclic substituents with heteroatoms (O, N, and S) as part of the aromatic system and trace metals as porphyrins. They are commonly presumed to represent the most refractory and difficult portion of the feedstock to process. In the particular case of the hydrotreatment (HDT) of heavy oil, the following problems can be caused by asphaltenes [1, 2] : (1) they reduce the overall rate at which the hydrodesulfurization reaction occurs, (2) they precipitate on the catalyst surface and block the pore throat, and (3) they act as coke precursors which in turn lead to deactivation of the HDT catalysts. To understand the mechanisms underpinning these problems, it is then mandatory to examine the changes in asphaltene structure and composition. A deeper knowledge of their properties can be a valuable aid in achieving a better understanding of their behavior during the hydrotreatment of heavy oils.
Tremendous strides have been made in asphaltene science; the most influential work is the Yen model or modified Yen model proposed by Teh Fu Yen, Mullins, and their coworkers [3, 4] . This model, mainly obtained from Xray diffraction and mass spectrometer analysis, is used to account for asphaltene characteristics and establish structurefunction relationships and causality therein. From then on, many advanced analytical techniques have been applied to asphaltenes, providing correct asphaltene parameters and molecular structures [5] [6] [7] [8] [9] . Thereinto, 1 H and 13 C NMR provide information regarding the relative amounts of each form of structural composition in an asphaltene. In conjunction with elemental analysis and average molecular weight data, it is possible to obtain quantitative information about the different types of protons and carbons present [10] [11] [12] . Based on the structural parameters, model structures have been proposed for asphaltenes and higher residues [13, 14] . It may help in the understanding of changes that occur at the molecular level when asphaltenes are subjected to processes such as thermal cracking, catalytic hydrogenation, and pyrolysis among others.
XRD is a nondestructive method that has been established for the determination of structural parameters in carbonaceous materials. The fractions of amorphous carbon, aromaticity, interlayer spacing of the crystalline structure ( 002 ), and crystallite sizes have been established as structural parameters for evaluating the carbon stacking structure in carbon materials [15] [16] [17] . In consideration of the respective features and advantages of XRD and NMR, some researchers [4, 17, 18] have improved upon the quality of structural information pertaining to asphaltenes by combining XRD and NMR techniques. For example, Siddiqui [18] studied the changes in asphaltene structure during pyrolysis and hydrothermal reactions on several catalysts by NMR and XRD (combined with other techniques) and then proposed a hypothetical residue/asphaltene structure for expounding the different reaction paths during catalytic pyrolysis.
Although many significant conclusions, usually focusing on the nature of the structure of asphaltenes, have been drawn, the structural modification of asphaltene molecules by additives, such as light cycle oil and heavy cycle oil, have not been studied thoroughly, and the role of additives still needs to be further investigated. It is well-known that asphaltenes exhibit a characteristically colloidal nature. In a typical colloidal petroleum-based system, the dispersed phase comprises a nucleus (a super-molecule structure including asphaltenes and resins as well as intermediate substances) and a surrounding solvate shell (hydrocarbons of a lower aromaticity and lower molar mass). The asphaltene colloidal structure can be modified by introducing special additives [19, 20] . Therefore, some reseachers consider aromatic distillates from petroleum as additives to improve heavy oil hydroprocessing. Recently, we proposed a modification mechanism for the asphaltene colloid by introducing aromatic additives [21, 22] . When aromatic additives, such as light cycle oil and heavy cycle oil, are introduced, a dissolution equilibrium between the nucleus and the oil should be considered. It is hypothesised that the chemical potentials of aromatic compounds therein should be equal to maintain equilibrium. The addition of high-aromaticity additives increases the solubility of aromatic compounds in oil; therefore, resins in asphaltene are apt to transfer to the oil. Asphaltene becomes less compact and is easily dissociated into smaller structures under certain conditions. In the presence of high-aromaticity additives, some polycyclic aromatic hydrocarbon sheets in the core of these asphaltenes may even be dissolved under high temperatures.
In the present work, we attempted to provide novel insights into the structural evolution of asphaltenes during residue hydrotreatment from microstructural and average parameter perspectives. In particular, we focused on the modification of aromatic additives and that effect on the nature of asphaltene and the improvement in RHT performance. On the basis of the structural parameters obtained from combined XRD, NMR, element analysis, and TOF-MS, three hypothetical average molecules were proposed to describe changes in asphaltenes during RHT and the effects of additive LCO thereon.
Experimental

Residue Hydrotreating Experiments.
A commercial NiMo/Al 2 O 3 (Mo 5.61 wt%, Ni 2.16 wt%) catalyst was used in residue hydrotreatment experiments. In a sealed box filled with N 2 , the feedstock, namely, an AR obtained from Kuwaiti crude or a blend of AR and LCO (5 wt%) was charged with a presulphided catalyst sample into an autoclave, the inner volume of which was 150 mL. The autoclave was pressurised to 8 MPa (a hydrogen atmosphere was used therein) at ambient temperature and was then heated to 350 ∘ C. After a reaction time of 5 h, we cooled the reactor using cold water and then took samples for analysis.
Precipitation of Asphaltenes.
Asphaltenes were precipitated from AR, a hydrotreated AR, and a hydrotreated blend of AR and LCO according to the method described in ASTM D3279, which uses -heptane for solvent extraction. The solvent-to-feed ratio was 5 : 1 (v/w). Precipitation conditions were a pressure of 25 kg/cm 2 , a temperature of 60 ∘ C, and a stirring rate of 750 rpm. The resulting samples were marked AR-F-ASP, AR-P-ASP, and ARLCO-P-ASP, respectively.
Element
Analysis. The concentrations of C, H, N, and O in asphaltenes before and after hydroprocessing were measured by an element analysis instrument CHN-O-Rapid (Heraeus). An X-ray fluorescence analyser was used to determine the fluorescence strength of S in the samples, and then their mass fractions were calculated by using a working curve.
Molecular Mass Analysis.
The molecular measurements were performed with a matrix-assisted laser desorption ionisation mass spectrometer equipped with a time-of-flight analyser (MALDI TOF-MS, JEOL JMS-ELITE II). In all cases a 20 kV accelerating voltage was used with pulsed ion extraction. A nitrogen laser (337 nm, 3 ns pulse width, 106-107 W/cm
2 ) operating at 4 Hz was applied to produce laser desorption. Asphaltene samples were introduced to the mass spectrometer by dissolving them in toluene, spotting 10 L of that solution onto a stainless steel platter, and allowing it to air-dry and then inserting the platter into a vacuum chamber. Each spectrum was the average of 30 shots.
X-Ray
Diffractometry. X-ray diffractograms of the powdered samples were obtained with a high-power (12 kW) X-ray diffractometer containing a rotating copper anode, a graphite monochromator, and a scintillation counter. The diffraction patterns (5 ∘ ≤ 2 ≤ 110 ∘ ) were recorded at room temperature using Cu K radiation ( = 1.54055Å) at a scanning rate of 1 deg⋅min −1 and a step size of 0.02 (2 ) . Using a software program (Origin 8.0), the recorded patterns were smoothed, corrected for K 2, and deconvoluted; then peak position, peak intensity, peak area, interplanar distance, and full width at half maximum (FWHM) were calculated.
Nuclear Magnetic Resonance Spectroscopy.
1 H and 13 C NMR spectra were recorded on a JNM-ECA 600 (JEOL) NMR spectrometer operating at 400 and 600 MHz, respectively. The sample solutions were prepared in chloroform-d; tetramethylsilane was used as an internal standard. Quantitative 13 C NMR spectra were recorded by adding a relaxation agent, chromium (III) 2, and 4-pentanedionate (10 mg/L) in the inverse gated condition. The amount of relaxation agent was sufficient to relax all the quaternary carbons in the aromatic region, since there was no change in intensity upon further increasing the amount of relaxation agent used. The relaxation delay ( 1 ) was 2.3 s and 20,000 to 30,000 scans were recorded to improve the signal-to-noise ratio sufficiently.
Results and Discussion
Element Analysis and Molecular Mass Analysis of
Asphaltenes. Element analytical data of asphaltene fractions in feed and products are shown in Table 1 . As an integrated result from Table 1 , the average molecular formulae of AR-F-ASP, AR-P-ASP, and ARLCO-P-ASP were C 120 H 163 N 1.0 S 1.8 O 3.7 , C 110 H 126 N 1.0 S 0.7 O 3.9 , and C 92 H 115 N 1.0 S 0.5 O 3.8 , respectively.
The H/C atomic ratios of hydrotreated asphaltenes, AR-P-ASP and ARLCO-P-ASP, were lower than that of nonhydrotreated AR-F-ASP. As mentioned above, asphaltene consists of a high-aromaticity nucleus and a surrounding solvate shell. During hydrotreatment, the surrounding branched alkyl substituents were easily ruptured from the aromatic nucleus. The higher aromatic constituents (lower H/C ratio) remained and were even precipitated from oil or coking substances because of disruption of the dissolution equilibrium. The contents of heteroatomic O and N increased after hydrotreatment, accompanied by a decline in S-content. This can be attributed to different styles of heteroatoms in asphaltene. O and N are mainly entangled in the aromatic nucleus or chelated to other central atoms by their high polarity, resulting in the difficulty in their removal, whereas S mainly occurs as reactive sulphur, for example, thioether and bridge sulphur. By comparing the hydrotreatment products AR-P-ASP and ARLCO-P-ASP, the asphaltene precipitated from the hydroprocessed blend of AR and LCO exhibited a higher H/C atomic ratio and better removal efficiencies of S, which implied that the added LCO was helpful when modifying the structure of hydrotreated asphaltenes and improving the performance of residue hydrotreatment.
Laser desorption TOF-MS resulted in little fragmentation of the asphaltene molecules and, thus, was a good technique for determining the molecular weight of the individual molecules in complex mixtures. The mass distributions of the hydrotreated asphaltenes are shown in Figure 1 along with that of the initial feed asphaltene for comparison. Each asphaltene displayed a similar molecular weight distribution from 600 to 1,300 Daltons. The mass distribution of AR-P-ASP showed slightly more heavy molecules than that of AR-F-ASP, while the largest presence of ARLCO-P-ASP shifted to a lower mass. This result indicated that, during hydrotreatment, some inflexible components of asphaltene were further condensed when some surrounding paraffin and naphthenic rings were hydrocracked or pyrolyzed. As mentioned, LCO enhanced the disaggregation of asphaltene in oil, and some intertwining super-molecules in asphaltene were dissociated into smaller structures, resulting in exposure of the inner core to the hydrotreating catalyst. Therefore, the nucleus was hydrotreated and its average molecular weight decreased. This corroborated our previous conclusion [21] .
XRD Studies of Asphaltenes.
The XRD patterns of these asphaltenes recorded at room temperature were deconvoluted (see Figures 2 and 3) . It is reported that the XRD pattern of asphaltenes has four characteristic peaks at ≈ 4.8Å (gamma band), 3.5Å ((002) band), 2.1Å ((10) band), and 1.2Å ((11) band) [23, 31] . The peak position of the gamma band provides information about the distance between the two aliphatic chains or saturated rings ( ). Similarly, the distance between two aromatic sheets, , was obtained from the peak position of the (002) band [4] . The size of the aromatic sheet, , was obtained from either the (10) or (11) band. Cluster diameter ( ), the average number of aromatic sheets ( ), the average number of aromatic rings in each aromatic sheet ( ), and the number of carbons per aromatic structural unit (C Au ) can be calculated from the measured data according to the equations listed in Table 2 .
Comparing the structural parameters of the three asphaltenes in Table 2 , it can be seen that when the asphaltene was hydrotreated, the distance between the two aliphatic chains was increased to 4.53Å and 4.63Å from 4.39Å for nonhydrotreated asphaltene, whereas the distance between the two aromatic sheets ( ) decreased slightly by approximately 0.11 to 0.25Å. This was due to the removal of aliphatic chains or hydrogenation of saturated rings during severe hydroprocessing: this resulted in a shortening of branch chains and the aggregation of aromatic units. After residue hydrotreatment, the significant decrease of (from its initial value of 6.90 to 5.48 and 4.90) demonstrated that a part of the loose, reactive, aromatic compositions around aromatic cores were hydrogenated, corresponding to a significant decrease in the size of each aromatic cluster ( or ).
Comparing the structural parameters of AR-P-ASP with those of ARLCO-P-ASP in Table 2 , the basic parameters and of ARLCO-P-ASP decreased, resulting in decreases in , , and C Au , suggesting that ARLCO-P-ASP was smaller and had fewer carbon aromatic sheets than AR-P-ASP. Accordingly, the slightly larger and values demonstrated a larger distance between aromatic sheets and aliphatic chains in ARLCO-P-ASP. From these parameters, it was deduced that the addition of high-aromaticity LCO increased the solubility of aromatic compounds in oil and improved the liberation of asphaltene aggregates, leading to a relative loose structure of the asphaltene in blends of AR and LCO, which was favourable to hydrogenation during HDT. Consequently, the hydrotreated asphaltene ARLCO-P-ASP showed the aforementioned advantages. [14] [15] [16] [17] [18] [19] . According to these rules, Table 4 defines the average structural parameters calculated from the 13 C and 1 H NMR analyses and gives the equations of the resulting structural parameters. The results are shown in Table 5 .
NMR Studies of Asphaltenes.
The difference between the average structural parameters of AR-F-ASP and AR-P-ASP is apparent in Table 5 . The aromaticity factor ( ) and degree of aromatic condensation ( ) of hydrotreated asphaltene AR-P-ASP were much greater than those of AR-F-ASP, whereas the parameters governing aromatic substitution ( and ac ) and the total number of aromatic rings ( at ) are much less. According to Sharma et al. [32] , fused ring systems have a propensity to stack by van der Waals interaction (and dipolar interactions, etc.), thereby decreasing the solubility of aromatic nuclei in a petroleum colloidal system. Alkane peripheral substituents are favourable to steric interaction thereby increasing such solubility. Larger ring systems require more alkane substituents to maintain a balance between ring stacking propensities as opposed to steric repulsion. During RHT, alkyl substituents around the aromatic core were hydrogenated and ruptured. This balance was partly broken, resulting in condensation of the inner core.
Although the structural parameters of hydrotreated products ARLCO-P-ASP and AR-P-ASP may seem similar, some positive effects of LCO nevertheless remain in evidence. The degree of aromatic substitution of ARLCO-P-ASP was greater than that of AR-P-ASP whereas the degree of aromatic condensation was slightly lower. As mentioned above, addition of a high-aromaticity additive (e.g., LCO) can modify the nature of an asphaltene colloid by improving the ease with which resins bound to the asphaltene could be transferred into the oil. Consequently, asphaltene became less compact and was easily dissociated into smaller structures under hydrotreatment conditions: this was beneficial for the hydrotreatment of aromatic cores. Meanwhile, the H/C atomic ratios of ARLCO-P-ASP, such as (H/C) ar , (H/C) sat , and (H/C) , were greater than those of AR-P-ASP. These 
The absolute of aromatic carbon atoms
at Total number of aromatic rings per unit sheet
The number of aromatic structural units per unit sheet of molecules = C a * /C Au * = C a * ( × + 1.23)/0.615 * Where H and C are area of the fitting peaks after normalization. References [29, 30] . observations suggested that the addition of LCO promoted ring opening and the supply of hydrogen when aromatic cores were hydrogenated in oil. This relative, hydrogen-rich, loose structure was beneficial in the further hydrotreatment of asphaltene.
Average Structural Models of Asphaltenes.
The average structural parameters of asphaltenes deduced from NMR and XRD analyses revealed many important differences in the structures of these asphaltenes. Here, we attempted to construct three average structural models for further mapping the changes undergone by the asphaltenes during residue hydrotreatment. The number of aromatic structural units ( ) of asphaltenes is between 2.49 and 3.26 (Table 5) , which indicated that three aromatic sheets were joined together through several naphthenic rings. The total number of aromatic rings ( at ) ranged from 13.30 to 17.15, suggesting about five aromatic rings per aromatic sheet. Hydrotreated asphaltenes have shorter straight paraffinic chains ( ac = 5.21, 4.36) than nonhydroprocessed asphaltene ( ac = 9.00). As seen in Table 1 , some heteroatomic S, O, and N were inserted in each structural unit. Based on these average structural parameters derived from the combined NMR, XRD, element analysis, and molecular weight data, it was possible to propose three hypothetical average model structures for the asphaltenes as shown in Figure 6 . These structural models showed the changes undergone by the asphaltenes during HDT and the effects of additive LCO thereon. 
Conclusions
Asphaltene has perplexed researchers since petroleum was first used industrially. It has already become a key for developing the technology of residue hydrotreatment when seeking an understanding of the properties of, and changes in, asphaltene. Here, we attempted to provide novel insights into the structural evolution of asphaltenes during residue hydrotreatment from the microstructural, and average parameter, perspectives.
There was a dissolution equilibrium between the nucleus of asphaltene and its surrounding solvate shell. During residue hydrotreatment, this equilibrium played a key role and was easily changed by reaction conditions and the presence of certain additives. From the above discussion, the average structural parameters of asphaltenes demonstrated that the aromatic cores of hydrotreated asphaltenes had become more compact and smaller; meanwhile the alkyl branches both decreased in number and became shorter. However, aromatic LCO, when added into the feedstock, partly improved this situation. The distance between aromatic sheets and aliphatic chains, the degree of aromatic substitution, and the total H/C atomic ratio per average molecule of ARLCO-P-ASP increased as the degree of aromatic condensation and size of aromatic sheets decreased (relatively), which was beneficial for the further hydrotreatment of asphaltene.
The parameters obtained allowed construction of hypothetical average molecular models for asphaltenes. These model structures represented the changes undergone by asphaltenes during RHT as well as the effect of LCO addition. However, it must be emphasized that values obtained are only average values. It is unlikely that any one molecule in the asphaltenes will actually have the hypothetical structure. But knowledge of the kinds of molecules found in these complex asphaltenes will aid in understanding the physical and chemical behaviors during HDT.
